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Abstract Mucus forms a protective layer across a variety of
epithelial surfaces. In the gastrointestinal (GI) tract, the
barrier has to permit the uptake of nutrients, while excluding
potential hazards, such as pathogenic bacteria. In this short
review article, we look at recent literature on the structure,
location, and properties of the mammalian intestinal secret-
ed mucins and the mucus layer they form over a wide range
of length scales. In particular, we look at the structure of the
gel-forming glycoprotein MUC2, the primary intestinal se-
creted mucin, and the influence this has on the properties of
the mucus layer. We show that, even at the level of the
protein backbone, MUC2 is highly heterogeneous and that
this is reflected in the networks it forms. It is evident that a
combination of charge and pore size determines what can
diffuse through the layer to the underlying gut epithelium.
This information is important for the targeted delivery of
bioactive molecules, including nutrients and pharmaceuti-
cals, and for understanding how GI health is maintained.
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Introduction
Mucus is a highly complex viscous system of glycoproteins
that provide a defensive barrier across many epithelial
surfaces including the respiratory, reproductive, and gastro-
intestinal (GI) tracts. It serves many functions in those
locations, among which are lubrication of the passage of
objects; maintenance of a hydrated layer over the epitheli-
um; a barrier to pathogens, destructive enzymes, and toxic
substances; and as a permeable gel layer for the exchange of
gases and nutrients with the underlying epithelium [7]. The
GI tract mucus is made up of two very different groups of
mucins, secreted and membrane-bound [9]. Membrane-
bound mucins such as MUC1 are transmembrane glycopro-
teins expressed at the apical surface of enterocytes, forming
what is known as the glycocalyx [29]. The extracellular
domain of these mucins forms an extremely large thread-
like structure covered by a dense array of complex O-linked
oligosaccharides and can be shed from the cell surface. The
cytoplasmic domains of cell surface mucins are highly con-
served across species and undergo both serine and tyrosine
phosphorylation, consistent with a role in signal transduc-
tion. However, the primary function of these mucins is not
well understood [29]. Secreted mucins, such as MUC2, are
continuously produced by goblet cells and are highly spe-
cialized glycoproteins characterized by their very high mo-
lecular weight (5–40 MDa) and size (600–900 nm) [40] and
high proportion of O-linked carbohydrate (usually 50–80 %)
[34] and their ability to form viscoelastic gels [6, 39]. These
gels are thought to be formed through disulfide links rather
than entanglement [35]. The gel strength is determined by
the strength of interaction, the level of entanglement, and the
size of the holes or “cages” in the network and, hence, by
the mucin concentration. It has been shown that the small
intestinal mucus layer is highly heterogeneous in density
and structure [15], with microviscosities varying by more
than four orders of magnitude [24]. Despite this heteroge-
neity, mucus covers virtually the whole mucosal surface and
provides a barrier to invading pathogenic bacteria and cer-
tain other particulates while remaining permeable to
nutrients. The barrier relies on a combination of porosity
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and charge. Large particles or those with insufficient charge
are unable to diffuse into the mucus.
Digestion is a complex process, and despite significant
research in this area, the way to provide optimum delivery
of nutrients and GI-protective compounds in realistic meal
scenarios is still unclear. As part of the digestion process, a
range of physiological surfactants are secreted into the gut
lumen. These include phospholipids such as phosphatidyl-
choline (PC), which is a significant component of the bile
secreted into the proximal small intestine [4]. In addition to
PC, bile also contains a range of charged bile salts (BS) [32].
BS are surface active and have the ability to solubilize lipids
during intestinal digestion, an essential prerequisite for the
effective absorption of dietary lipids by the intestinal epi-
thelium. Particles in the GI tract lumen, including emulsified
fat, cellular material, and bacteria, are exposed to this range
of physiological surfactants that can adsorb to the particle
surface and change the surface properties and thus mucus
interactions. This is one reason why the selective nature of
the GI tract mucus barrier in not well understood.
In an attempt to improve our understanding of the inter-
actions between food structures and GI mucus, we will
describe what mucins are present in the different regions
of the GI tract. We will then go on to show the structure of
the primary secreted intestinal mucin MUC2 and then de-
scribe its properties in more detail with a view to elucidating
its barrier function.
Gastrointestinal Mucin Geography
Awide range of mucins are found in the GI tract and these can
be divided into two groups, secreted and membrane-bound. In
this article, we will limit the discussion to secreted mucins,
although it is acknowledged that membrane-bound mucins
play an important role in the mucosal barrier [29]. There are
a number of citations in the literature describing where in the
GI tract the various mucins are expressed [8, 30, 41] and these
are summarized in Table 1. In the gel-formingmucins,MUC2,
MUC5AC, MUC5b, and MUC6, amino acid sequences of the
regions upstream and downstream of the central domain (see
below) are highly conserved across the four genes. The central
domains of MUC5B and MUC5AC show little length varia-
tion in contrast to the second repetitive domain of MUC2,
which is highly variable in length [45]. In all the mucins, the
central domains are heavily glycated and the terminal sialic
acid or sulfates provide a high density of negative charge [22].
In the oral cavity and the esophagus, the primary secreted
mucin is MUC5B and, to a lesser extent, MUC7. In the gastric
compartment, the primary secreted mucin is MUC5AC, with
smaller amounts of MUC6 also present. A good example of
mucin from this source is the porcine gastric mucin supplied
by Sigma-Aldrich, which is widely used in research. This
source is rather degraded in terms of molecular weight but is
readily soluble in water/buffer and contains approximately
1 % bound sialic acid. The mucus is primarily composed of
MUC5AC, with much lower amounts of other mucins and
approximately 3–4 % DNA. The thickness of the mucus layer
in the gastric compartment is thought to be about 200–300 μm
and consists of an inner tightly adherent layer and an outer
loosely adherent layer [47]. A more detailed description of the
layer structure is given below where the validity of specifying
a layer thickness is questioned.
A comparatively impermeable gel layer can be main-
tained in the gastric compartment because of the limited
amount of adsorption that takes place there [20]. However,
this is not true of the small intestine, which is the main site
of absorption. By far, the most abundant secreted mucin in
the intestine of all mammals is MUC2, although MUC6 and
MUC11 are also reported as minor components [30]. In this,
the main part of the GI tract, the mucus layer is at its thinnest
and most heterogeneous [3, 15]. It is the mucus layer in this
region that will be the subject of the discussion below. The
final region of the GI tract is the colon, where the environ-
ment and the architecture are rather different from that in the
small intestine, although the primary secreted mucin is still
MUC2 and additional minor mucins are MUC5B and
MUC11 [15]. The thickness of the mucus layer in the colon
is much greater than in the small intestine, being many
hundreds of microns and, as in the gastric compartment,
comprising tightly and loosely adherent layers [3, 13].
Gastrointestinal Mucus Layer Structure
In the previous section, the mucin expression geography
was described and some mention was made of the thickness
of the mucus layer. While the general structure of the mucus
Table 1 Variation in mucin
expression as a function of
location
Location Membrane-associated mucins Secreted mucins
Oral cavity MUC1, MUC4, MUC16 MUC5b, MUC7, MUC19
Esophagus MUC1, MUC4 MUC5b
Stomach MUC1, MUC16 MUC5ac, MUC6
Small intestine MUC1, MUC3a, MUC3b, MUC13, MUC17 MUC2
Large intestine MUC1, MUC12, MUC13, MUC17 MUC2, MUC5b, MUC6
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layer can be defined in the various parts of the GI tract,
determining the layer thickness is more equivocal. For ex-
ample, in the gastric compartment, distension and contrac-
tion are part of the normal meal consumption and digestion
cycle. This in turn has an effect on the surface area of the
stomach and, consequently, on the thickness of the mucus
layer on that surface. Figure 1 shows two MRI images of the
human stomach (outlined in yellow) immediately before
(left) and after (right) consuming a milk-type drink. The
fasted (empty) image shows the thick layer of secretion that
has built up on the walls of the stomach and shows up as the
gray “figure of eight” region, whereas in the fed (full)
image, the layer is hardly visible at all. The problem is
underlined in the schematic in Fig. 1 where the green region
has the same area in both the collapsed and distended
shapes. These images highlight the problem of trying to
assign thicknesses to the mucus layer in the stomach, but
similar problems arise in the small intestine.
Mucin Synthesis
The issues of thickness of the mucus layer are especially
important in the small intestine where the layer is at its
thinnest and absorption is greatest. Because the layer in
the small intestine is highly heterogeneous, it makes sense
to look at mucin structure at a range of length scales. With
this in mind, this section will look in detail at how MUC2 is
formed and secreted and what implications this has for the
formation and turnover of the mucus layer and its barrier
properties. MUC2 is initially formed in the endoplasmic
reticulum of goblet cells lining the crypts and villi of the
intestine. The protein backbone comprises a number of
different regions as outlined in Fig. 2 and detailed in a
number of reviews [12, 15, 35]. The largest and most ill-
defined part of the molecule is the variable number tandem
repeat region, which is also known as the proline, threonine,
and serine (PTS) region. Both the C-terminal and N-
terminal ends are very similar to those in von Willebrand
factor (vWF) and both terminal ends of the molecule contain
a number of disulfide-rich D domains. Indeed, it has been
suggested that vWF evolved from mucins [21]. Once as-
sembled, the monomers form disulfide-linked dimers
through their C-terminal CK domains [2, 23]. These dimers
are then transported to the Golgi complex where the PTS
regions are O-glycosylated. Once the glycosylated dimers
reach the trans-Golgi compartments, they are assembled into
disulfide-linked multimers through their N-terminal D
domains. It is important to note that the initial oligomeriza-
tion is the formation of dimers through the one to one
interactions between C termini and that the second step is
the formation of higher oligomeric forms through the dimer-
ic or more commonly trimeric interactions between N ter-
mini [1, 10]. The final stage in the cell is the packing of the
multimeric forms into granules. The packing appears to be
dependent on local pH and calcium concentrations. At
Fig. 1 MRI images of the
stomach of a volunteer
immediately prior to (left) and
immediately after (right)
consumption of a liquid meal.
The images are both 130 by
140 mm. Also shown is a
schematic of the process in
which the area of the green
region is the same in both
shapes
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reduced pH (6.2) and in the presence of elevated levels of
Ca2+, mucin aggregates and can be packed into the granule,
but upon secretion, the higher extracellular pH and lower
calcium concentrations allow the mucin to unpack [1, 11].
We have recently shown in porcine mucin that the be-
havior of the multimeric forms as they are packed into the
granule is key to their subsequent behavior [37]. In partic-
ular, the trimeric links lead to a strictly two-dimensional
network that can be packed into the granule and will then
unpack once the granule has been secreted. Examples of the
trimeric form of the partially degraded network from por-
cine jejunum mucin can be seen in Fig. 3. This two-
dimensional network formation is also thought to be the
reason that a stratified tightly adherent layer can be formed
while allowing it to break down to a more loosely adherent
form [14]. In such a network, the coherence of the network
layers defines the difference between the tightly and loosely
adherent regions. In addition, lubrication through the for-
mation of a slip plane is favored by slippage between the
layers in much the same way as in graphite. This is a key
feature of the mucus structure that prevents buildup of a
very thick layer.
The high degree of heterogeneity of the small intestinal
mucus layer has already been shown [3, 15, 24]. While the
reason that MUC2 is able to form a homogenous adherent
layer in the colon but not in the small intestine is not
understood, the differences in architecture and water flux
may play a significant role, as highlighted in Fig. 4. In
particular, the villi in the small intestine represent a signif-
icant barrier to the formation of extended laminar structures.
Conversely, in the gastric compartment and the colon, the
surface architecture is largely flat and permeated only by the
gastric pits or colonic crypts, respectively. In addition, there
can be a high water flux through the mucosa of the small
intestine, depending upon the meal type [28]. This is in
contrast to the water flux in the colon which always acts to
remove water so that the luminal contents of the rectum
under normal healthy conditions is relatively dry [31].
Fig. 2 The cellular assembly of
mucin MUC2, showing the
main domains in the primary
sequence. The monomer shows
the highly variable main
tandem repeat region also
known as the proline, threonine,
and serine (PTS)-rich region in
yellow. Also shown in various
colors are the terminal domains
that are so similar to vWF, all of
which are disulfide-rich. In the
Golgi and granule, the heavy
glycation of the PTS regions are
shown in green. This also
highlights the formation of
dimers, trimers, and higher
oligomers
Fig. 3 AFM images of porcine
intestinal MUC2 showing the
typical trimeric junction zones
(each image, 800 nm2)
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Properties of the Mucus Layer
In the sections above, the structure and thickness of the GI
mucus layer have been discussed. However, the essential
thing from the perspective of understanding digestion and
transport is how the barrier properties of the mucus are
affected by the structure. Thus, it is important to determine
the microrheological properties and understand the influ-
ence of endogenous components on the transport of
nutrients to the intestinal brush border.
There is a body of published work looking at the micro-
rheological properties of a range of different types of mucus
using multiple particle tracking [5, 17–19]. Such experi-
ments use fluorescence microscopy to track the motion of
fluorescent particles with a well-defined size. From the
tracks of the particles, the two-dimensional projection of
the volume swept out by the particles as a function of time
can be calculated. This value is known as the mean square
displacement (MSD) and is defined as < Δr2 Δt2ð Þ >¼
< Δx2 þΔy2 > , where Δx and Δy are the particle displace-
ments in x and y, respectively, in timeΔt. The particle diffusion
coefficient D can then be calculated from the MSD as D0
MSD/4Δt. By taking ensemble values for many hundreds of
particles, the local viscosity η can be calculated from
the Stokes–Einstein equation (η0kT/6πrD), where k is
Boltzmann’s constant, T is the temperature, and r is the parti-
cle radius. We have previously used multiple particle tracking
of 500 nm carboxylated polystyrene latex to determine the
microviscosity of porcine intestinal mucin [24]. In that paper,
we provided the first data showing that BS present in the small
intestine and an important factor in lipid digestion also play an
important role in transport. We showed for the first time that
colloidal structures formed during digestion are only able to
penetrate the mucus barrier in the small intestine as a result of
the adsorption of BS. In the absence of BS adsorption, par-
tially digested lipid droplets formed an adherent layer on the
surface of the mucus. When the negatively charged BS adsorb
to the surface of oil droplets, they impart significant negative
charge to the droplets and this allows them to diffuse through
the mucus. This highlights the importance of luminal com-
pounds in determining mucus interactions that allow particu-
late components of digesta (chyme) to penetrate or adhere to
the GI tract mucus. Thus, although it may be possible to
modulate the gastric phase behavior of an emulsion by struc-
turing of the interfacial layer, it is not likely to affect the
transport of fat droplets through duodenal mucus towards
the epithelium where detection of the nutrients can trigger
secretion of appetite-suppressing hormones [25].
While mucus needs to allow the passage of nutrients
including those in a particulate form such as mixed micelles,
it also acts as a barrier to bacteria. A number of recent
studies have shown that, in the colon, the mucin layer is
able to maintain an adherent region that is free of bacteria.
However, it is unclear whether this is simply a function of
the mucin structure [13, 15] or of other components such as
the antibacterial lectin RegIIIγ [46]. Thus, with this in mind,
we have looked at the interactions between motile and
nonmotile bacteria and MUC2 mucin as a function of the
mucin concentration. Escherichia coli are the most prevalent
gram-negative bacteria in the intestine and have dimensions
that are very similar to emulsion droplets (i.e., 1–2 μm). Initial
experiments showed that, regardless of the presence of BS,
nonflagellated E. coli JH3513 that was fluorescently tagged
by introduction of a constitutively expressed green fluorescent
protein was unable to penetrate into the small intestine mucus,
as shown in Fig. 5. Measurements of the surface charge on the
bacteria showed values around −18 mV in the presence or
absence of BS [24].
This lack of diffusion into the mucus led us to investigate
the ability of flagellated bacteria to swim through partially
purified mucus of different concentrations using approaches
developed at the University of Edinburgh [38, 48]. In short,
high-speed video from low-resolution microscopy was ana-
lyzed to yield accurate values for velocity, tumbling fre-
quency, and diffusivity of E. coli. A typical example of
swimming velocity as a function of mucin concentration is
shown in Fig. 6. In dilute solutions, the swimming velocity
was the same as in water, but as the concentration increased,
so did the velocity. This continued up to a certain value
when the local viscosity became too great and the velocity
started to decrease. In reality, it is difficult to compare the
swimming velocities in these well-controlled experiments,
with those that might occur in the heterogeneous mucus of
the small intestine, where the local viscosity can vary sig-
nificantly and is on average much higher than the values
because of variations in concentration. The reason for the
initial increase is due to the ability of the bacteria to metab-
olize the mucin and utilize it as an energy source. Where
other carbon sources are not readily available, this is likely
to have an impact on the local concentrations of bacteria in
the mucus layer.
The mucus layer has been shown to provide protection
not just against bacterial invasion but also against potential-
ly toxic food compounds [3, 15, 24]. In addition, the osmot-
ic pressure induced by nonabsorbable species can cause a
Fig. 4 A graphic representation of the architecture and water flux as it
pertains to the GI mucus layer
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high water flux through the mucosa of the small intestine,
depending upon the meal type [28]. This is in contrast to the
water flux in the colon which always acts to remove water
from the luminal contents. Thus, there tends to be a gradi-
ent of water content from the ascending colon to the
rectum, which under normal healthy conditions is relative-
ly dry [31].
Given that the mucus layer in the small intestine is highly
heterogeneous and that particulates including bacteria may
be able to penetrate it, there is a need to ensure that the
correct barrier properties are maintained. Thus, the question
arises as to whether there are food components that could
fulfill this role. The environment of the upper GI tract is
generally very effective at digesting protein and lipid, al-
though with the exception of starch, polysaccharide poly-
mers are not significantly digested in this region of the gut.
As a result, polymers can persist and change the viscosity of
the GI luminal contents, affecting GI behavior [27], and
interact with the surrounding mucus layer even further down
the GI tract in the colon, as is the case for dextran sodium
sulphate when used to induce colitis in mice [36]. Biopol-
ymers can also interact with the degraded mucin that is
released into the GI lumen as a result of the constant turn-
over of mucins from the gastric mucosa. It has been known
for some time that mixtures of mucin and biopolymers such
as alginate have an increased viscosity. Indeed, as far back
as 2005, Taylor et al. showed that mixtures of mucin and
alginate formed weak viscoelastic gels [44]. More recently,
Nordgard and Draget [33] have shown data confirming the
theory that guluronic acid oligomers extracted from alginate
are able to disrupt interactions in complex mucus systems
through electrostatic competitive inhibition, leading to a
reduction in network cross-links and a resultant weakening
of the gel matrix. As a result of this work, patents are in
place for the use of G-block alginates to reduce the viscosity
of mucin in cystic fibrosis sufferers. Thus, it has been shown
that, depending on the conditions, biopolymers, especially
alginates, can be used to modulate mucus properties, mak-
ing it either more or less viscous. Even cheese whey proteins
have been shown to play a role in protecting the mucus layer
from degradation [43]. Indeed, the presence of dietary fiber
has been shown to be important in reducing bacterial trans-
location [42] and has also been implicated in the ameliora-
tion of intestinal disorders such as inflammatory bowel
disease and colitis, in which the mucus layer becomes
degraded [16, 26]. However, it has yet to be shown that
these types of interactions and food components can be used
to improve the GI mucus barrier directly.
Conclusions and Future Perspectives
In this article, we have looked at the structure of the mucus
layer and, in particular, the main intestinal secreted mucin,
MUC2. We have shown that the primary structure of MUC2
Fig. 5 Interaction of
nonflagellated E. coli (the
nonflagellated E. coli JH3513
strain was fluorescently tagged
by introduction of a
constitutively expressed
multicopy plasmid-borne fusion
rpsM′-gfp+ into DH5α, a
known nonmotile strain) with
ex vivo porcine intestinal mu-
cus. All images are 184 μm2
with the mucus labeled with a
red fluorescent lectin
Fig. 6 The swimming velocity of flagellated E. coli 1H001 as a
function of purified MUC2 mucin concentration. The velocity is shown
relative to the velocity in buffer alone
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comprises a variable length highly glycosylated central re-
gion. This is secreted to form a series of layers of an
essentially two-dimensional network. The coherence of this
network depends on the local environment, and in the small
intestine, the mucus layer is highly heterogeneous in terms
of density and porosity. We have also looked at the proper-
ties of the mucus layer and shown that a high negative
charge allows the mucus layer to be penetrated by polymers
and micron-scale particulates. Conversely, a lack of negative
charge leads to an inability to penetrate the mucus layer as
diffusion through the mucus layer is controlled by a combi-
nation of size and charge. We have also looked at other
factors that affect the properties of the layer such as its
thickness. The adsorption of BS to particulates was shown
to increase the negative charge they carried and facilitated
their diffusion through the mucus. This was not the case for
nonflagellated E. coli, which could not penetrate to any
significant extent. Finally, we have shown a limited number
of studies assessing whether food ingredients and/or struc-
tures can be used to modulate barrier function for improved
health. We believe this is likely to be the case, but the lack of
data means more work is needed in order to demonstrate an
effect in the complex environment of the GI tract in vivo.
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